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ABSTRACT

A critical study of the available lunar photometric data has been
made with the purpose of determining the accuracy with which lunar
surface brightnesses may be predicted. Conventionally the brightness
is expressed as B = Bo pd, where BO is porportional to the solar flux,

p is the albedo, ¢ is the photometric function, and ¢ depends upon the
angles of incidence and emittance and by definition is unity for normal
incidence and normal emission.

The best published set of data for lunar maria, Fedoretz [1],

(used by JPL to determine a photometric function [7]) was used to
determine the photometric function. The Fedoretz maria data plotted
against brightness longitude (Figures A-1 to A-21) for constant phase

angle were fitted to a) the Cornell theoretical photometric function[ 9],

b) a theoretical photometric function based on a modification of lunar
models used by Bennett [ 3]and Van Diggelen [ 8], and c) empirical hand-
drawn curves through the data points. Procedure c) resulted in somewhat
smaller root mean square deviations and provided a photometric function
which was compared with that published by JPL. The comparison indicated
that no significant change of the JPL photometric function is warranted. The
rms deviations due to the scatter in the data indicated that for regions not
closer than 20° to the limbs the photometric function may be expected to be
accurate to within + 10%. A dependence of the photometric function on
brightness lattitude could not be detected.

The next best published set of data for lunar maria, Sytinskaya and
Sharonov [ 2], was analyzed in the same fashion (Figures A-22 to A-31)
and gave a photometric function which at some phases was considerably
higher than ¢ derived from the Fedoretz data. Primarily due to the fact
that the S and S data has no phase angles closer to zero than g = +476 (as
compared to g = -1748 for the Fedoretz data), less confidence can be placed
in a photometric function derived from the S and S data.

The most frequently quoted list of measured albedos is that of
Sytinskaya [ 10 ] and the values in some instances are means of a considerable

range of indivisual observations. When maximum accuracy is desired,
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the albedo for the particular feature should be used and if a reliable value
is not available it should be independently determined.
A review of lunar surface slope determinations is given. The problem
of slope determination from lunar satellite observations is considered. It
is shown that if the photometric function is known, the surface slope can,
theoretically, be determined. An error analysis for such slope determination

has not been made.
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SECTION 1
INTRODUCTION

Many earth based studies of the moon' s brightness have been
made over the years, and the brightness of the integrated light of
the entire lunar disc has been well established. Relative brightnesses
of specific areas have also been determined for numerous cases, and
observers have discovered the interesting and highly significant
manner in which the surface brightness varies throughout each
lunation. The mission to study the moon's surface from an un-
manned satellite orbiting the moon introduces its own new problems.
But the currently available brightness data can, nevertheless, be used
to predict the ranges in brightness which the sateilite cameras will
encounter. We hope to show here the accuracy which may be expected

from such predictions.
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SECTION II

BASIC DEFINITIONS

Following are a few of the basic definitions which will be used
in the subsequent discussion, These are included to insure

uniformity and consistency.

Angle of incidence, i - the angle between the normal to the
surface and the incident ray.

Angle of emittance, € -~ the angle between the normal to the
surface and the direction of the emitted ray.

Phase angle, g - the angle at the center of the moon between the
directions to the sun and the earth. This is also, of course,
the angle between the incident ray and the emitted ray at any
point on the surface. The phase angle may vary from -180°
at new moon to 0 at full moon and +180° after full moon.

Sub-sun point, SS - the intersection of the line between the
centers of the sun and moon with the surface of the moon.

Sub-earth point, ES - the intersection of the line between the
centers of the earth and moon with the surface of the moon.

Selenographic Longitude, X - the angle measured along the moon's
equator from the mean center of the moon' s disc to the great
circle passing through the moon' s poles and the point in
question. \ is positive in the direction of Mare Crisium.

Selenographic Latitude, P - the angle measured northwards (+)
or southward (-) from the moon' s equator to a point on the
surface along the great circle through the point and the poles,

Brightness equator - the great circle passing through the sub-
earth and sub-sun points.

Brightness longitude, & - the angle measured along the brightness
equator between the sub-earth point and the normal projection
of the surface point onto the brightness equator. By convention

@& is positive in the direction away from the sun.

-2 -




Brightness latitude, ﬁB - the angular distance of a surface point
north or south of the brightness equator.

Albedo, p - ratio of the luminance of a surface under normal
illumination and normal emittance to the luminance of an
ideal white surface under normal illumination and normal
emittance.

Photometric function, & - a function by which is given the
dependence of the brightness on the geometry of the particular
situation being considered. That is, ¢ depends in some
complex way on the angles of incidence and emittance and
the phase angle. It varies from 1.0 at full moon to zero at
larger phase angle.

Limb - the edge of the apparent disc of the moon,

Terminator - the line separating the illuminated and dark portions

of the lunar surface.



FIGURE -I

GEOMETRY OF OBSERVATION OF THE

LUNAR SURFACE




SECTION III _
BRIGHTNESS VARIATIONS AND THE PHOTOMETRIC FUNCTION

The brightness of a particular region on the moon depends
upon three factors: the nature of the surface itself; the intensity
of the illumination; and the angles at which the surface is

illuminated and viewed. This may be expressed as:

where the various factors are defined above or as follows:

B = observed brightness
Bo = normal surface brightness = -11? Es
(Ea = the solar constant = 1.4 x 10° ergs/cm?/sec outside the
earth' s atmosphere).

Brightness measurements made at a number of phase angles
before and after full moon may be plotted against phaée. Typical
of such curves are the two shown in Fig. 2 for areas in two seas.
In absolute units, the peak value of such a curve depends on the
albedo of the area studied. Beyond this, however, the form of the
curves depends on the photometric function ¢. Two points are
worthy of note. First, the curves show a rapid increase and a
rapid decrease before: and after full moon. Second, at full moon,
the moon appears uniformly bright when surfaces of a similar
albedo are compared in various parts of the disc. The assymetry
of the curves results from the location of points either east or
west of the central meridian of the moon.

Clearly this is not the way in which a smooth uniformly-diffusing
spherical surface (Lambert sphere) will reflect light. For many
years, therefore, it has been generally accepted that the photometric

properties of the moon somehow resulted from the detailed structure
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of the lunar surface. Extensive laboratory tests have been made by
several investigators to find a common terrestrial material which
would not only show an albedo comparable to those on the moon but
would also reproduce the observed phase-brightness effects. The
material which shows the best fit to the lunar brightness curves is
volcanic tuff. In addition, theoretical surfaces of several geometrical
configurations have been ‘studied analytically in an effort to find a
surface that accounts for the moon' s observed photometric properties.
These models usually assume a surface covered to some degree

with small depressions. Two such theoretical models will be
discussed in Section VII.

In the present study, the importance of the photometric function
lies in the fact that the predicted brightness of a given lunar area
depends significantly on the photometric function. If the correct
value of the exposure for either a television or a photographic
camera is to be known in advance, the photometric function must
be known as accurately as possible. Extensive series of photometric
observations have been published by several investigators (see Table
I). Of these observations, only those of Fedoretz, Systinskaya and
Sharonov, and Fessenkov are complete enough at numerous phases to
warrant extensive consideration in this study. It has thus been
our purpose to evaluate critically the available data and the photo-

metric function as it has been previously derived from this data.




SECTION IV

PROCEDURE FOR THE REDUCTION OF PUBLISHED OBSERVATIONS
TO FIND THE PHOTOMETRIC FUNCTION

It has been shown elsewhere [ 13] that the photometric
function depends very little, if at all, on the brightness latitude
of the point considered. Because of this it was decided to plot
the photometric function against brightness longitude, &, for each
phase. When the photometric function is displayed in this fashion,
it should be possible to detect its variation with latitude by finding
the correlation between the latitude of points with nearly the same
longitude and the value of their photometric function for selected
phases, (i.e. one looks for scatter which results from latitude
differences).

This mode of displaying the photometric function derived from
the published data requires the determination of the brightness
coordinates, & and ﬂB, for each point considered. The seleno-
graphic coordinates measured with respect to the moon' s equator
must be referred to the brightness equator which depends on both
the phase and positions of the Earth and sun with respect to the
true equator at the time of the observations. The extensive labor
involved in actually carrying out this coordinate change was
considerably reduced by programming the problem for the
ABurroughs 205 Computer at the University of Virginia.

Let Di(g) be data given by a particular paper for the ith feature
at phase g. In general,

D,(g) = B; ¢ (g, @)

is the proportionality constant between the data and the

i
photometric function and « is the brightness longitude of the i':h

where B

feature at the time of observation. Bi should vary from feature to

-



feature as the albedo varies and from author to author depending on
how their data was obtained. In all cases treated here, the approximate

photometric function ¢a. was found by,

_ Dyle)

¢a~mi'

where both pieces of data are taken from the same source in the
literature and - is the phase nearest full moon reported by that
source. In using this as an approximation it is assumed that the

Bi values are the same for the two pieces of data so that,

where @ is not necessarily equal to &' due to the moon' s libration.
(This, however, should introduce little error since for g close to
zero, ¢ becomes independent of @. )

This convenient approach aleviates the necessity of determining
the proportionality between the data and the true brightness. Further,
it makes it possible to obtain values for the photometric function for
features whose albedos are not known. It also may serve to remove
systematic errors which result in the data not having the proportionality
to photometric function which is indicated by the description of the
experiment. On the other hand, this procedure can introduce error
in the resulting photometric function, since the brightnesses used are
not actually those for full moon. This error will be discussed later,

- 10 -



SECTION V
PHOTOMETRIC FUNCTION FOR THE LUNAR MARIA

We proceed now to derive and display a photometric function
for the lunar maria. To do this we must make use of observed .
values of brightness or relative brightness at a wide variety of
phases for a collection of points well distributed over the maria.
The published sources which best fulfill this requirement are

given in Table I.

TABLE 1
Number of Number of
Phases Points in Maria
Fedoretz 1952 [ 1] 40 41
Sytinskaya and Sharonov 1952 { 2] 41 26
Bennett 1938 [ 3] 11 20
Fessenkov, Parenago,
and Staude 1928 (4] * 13 many but
different for
each phase

Fedoretz

Figure 3 and those in the Appendix show Fedoretz's data for
selected phases treated as described above. It will be noticed that
the range in longitude over which there are data points ends at least
twenty degrees from each limb. This not only results in each curve
being incomplete but also in it being impossible to obtain meaningful
curves for large positive and negative phase angles.

The drawn curves represent a visual estimate of a best fit to
the data. (Though they are not included in this report, the brightness
latitude of each plotted point was calculated and the scatter of the
data about the drawn curves was examined in light of these. Latitude

values as high as 64° were obtained. However, no correlation was detected. )
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The 1 values given on the figures are the root mean squared values
of the deviations from these hand-drawn curves. These values are
generally about 10" of the maximum value of the curve.

The lunar feature brightnesses used in the place of those for full
moon came from a phase of -1’48, This data is from a photograph
made by Fedoretz just before an eclipse of the moon, and is about as
close to zero phase as one can hope to go. The average effects of
this choice can be estimated by finding the percent difference between
the values at full moon and at a phase of -1748 on the brightness-phase
curve for the integrated light of the whole moon as published by
Rougier [ 6]. This percentage difference is about 1" indicating that
on the average our plotted points are about 1" too high. Variations
in the size of this effect from features of one type to another would
be important and consequently such variations were iooked for.
Published albedos for sixteen of Fedoretz features were found and these
were combined with the brightness data at phase -1748 to give values of
¢ for the various features. All resulting values for ¢ were multiplied
by the same constant to make their average 1.0. The values for the
photometric function adjusted in this manner varied from 1. 28 to
0.80. A plot of these values against ¢, the brightness longitude how-
ever showed no discernable correlation between ¢ and location of the
point with respect to the sub-earth point. Such a correlation would
have suggested that the data from phase -1/48 had introduced a

systematic error.

Sytinskaya and Sharonov

In some cases the curves of ¢ versus « for Sytinskaya and
Sharonov' s data lie considerable above those for Fedoretz at the
same phase. It has occurred to us that this may be understandable
if the part of the moon for which the photometric function seems to be
too large is consistently on the side of the sub-earth point away from
the sub-sun at phase Bg’ since the effect of g being other than zero
(in this case +4)6) would be greatest there.

Unfortunately, we have not been able to explain the fact that the
Sytinskaya and Sharonov curves are higher than Fedoretz' curves.
Therefore, we have not tried to combine the observations of the two

groups.
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Others

The data produced Ly Fessenkov et al and by Bennett is very
difficult to handle becaus: neither publication contains phases very
close to full moon. Also in both of these cases the data is made
somewhat inaccessible by the use of obscure systems for locating
the data points on the lunar surface. Bennett uses points identified
by Nieson in his book The Moon (LONDON, 1876), (which we have
not been able to locate) and only refers to them by Nieson number.
Fessenkov referred the points for which he has data to a different
rectangular coordinate system at each phase and seemns to have
made no effort to take data for the same lunar feature at different
phases. Presumably, the difficulties for both of these could be over-
come. However, it is quite unlikely that data could be obtained for as
many lunar features as would be necessary in order to make a
significant contribution to the determination of the photometric function

for the lunar maria.
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SECTION VI

A COMPARISON OF THE PHOTOMETRIC FUNCTIONS OF UVA AND JPL

Previously a photometric function derived from Fedoretz's
data has been published by JPL, [{7]. Apparently JPL has inter-
polated between the actual curves since their published curves are
at 10 degree intervals in phase and Fedoretz data is for irregular
phases. Values of $ for comparison with the curves in this paper
were obtained by a linear interpolation between JPL's curves. It
is estimated that the maximum error in obtaining these values is
1 0.02. The interpolated values minus the corresponding value
from the curves in this paper may be found in Table II,

Since JPL claims to have been conservative in the values for the
photometric funétion, only those points for which the difference is
positive and greater than ( + 0,02 ) should be of very much concern.
Such values only occur for negative phases. Apparently JPL's
curves are conservative compared to the average of the curves for
equal positive and negative phases. However, if the difference
between equal positive and negative phases displayed here is real,

a better conservative choice for the photometricfunction might be

the curves for the negative phases. In any case, if one remembers
that the 1 values are about 10% of the maximum value for each curve,
it is not difficult to estimate the significance of the percentage

difference between the two sets of curves,
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TABLE 1

DIFFERENCES BETWEEN THE JPL PHOTOMETRIC FUNCTIONS AND THE
PHOTOMETRIC FUNCTION DERIVED DIRECTLY FROM FEDORETZ' DATA,

JPL MINUS F

Phase, g
Brightness
Longitude, @  -90°6 ~77°4 -64°2 -51°1  -39°4  .28°5
-60 +.02 +.06 +.05 1.04 (:.02)* -
-40 +.02 +.03 +.01 +.03 +.00 +.07
-20 +.02 +.04 +.02 +.01 +.00 +.07
0 - +.02 +.01 1.00 -.02 +.01
+20 - - - 1,01 -.03 -.02
+40 - - - - -.06 -.03
+60 - - - - - -
e .01 .02 .03 .04 .04 .05
-1729 -920 +4°5 +17°8  +42°9  +74°3  187°
. .
-60 (. le) - -.06 -. 15 -. 12 - 11 -.02
-40 +.08 +.15 -.05 -. 18 -.12 -.07 -.01
-20 +.05 +.05 -.05 -. 18 -.06 -.01 1,01
0 -.02 -.03 -.01 -. 18 -.03 .00 -
+20 .00 -.08 +.02 -. 20 +.01 - -
+40 -.09 -.12 (+.04* - 16 - - -
+60 - -.15 - - - - -
ik .04 .08 .09 .09 .03 .02 .02

#* Values in parenthesis were obtained by performing extrapolations of the
curves in this paper.

** u is the rms deviation of the plotted points from the hand drawn curves in
Figure 3 and in the Appendix.
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SECTION V11

THEORETICAL PHOTOMETRIC FUNCTION

It is difficult to fit a meaningful curve to a collection of data
when the scatter in that data is fairly large, unless the type of
function which the data should follow is known from theoretical
considerations. Since the lunar photometric data does contain
considerable scatter, it is desirable to attempt to find such a
mathematical -function for it.

Until recently the most successful attempts in this direction
had been made by Bennett {3] and Van Diggelen {8] on the basis
of the moon's being a Lambert sphere partially covered with
hemi-spherical or hemi-ellipsoidal holes of small dimensions.
Bennett' s approach was to find an expression for the illuminated
fraction of the visible area in:ide a2 hemi-spherical hole when this
area is projected normal to the direction of emittance.

This expression multiplied by the fraction of the lunar surface
covered with holes was then added to the cosine of the angle of
incidence multiplied by the fraction of the surface not in holes to
produce a function proportional to the photometric function. *

Bennett' s final expression is,
h=h_ (C cos i + (1-C)V)
where h - surface brightness, ho = surface brightness for phase

angle of 0°, i = angle of incidence, C = fraction of surface which is

smooth and V = illuminated fraction of holes' projected area.

* In finding the illuminated fraction of the holes' projected area, a
change of coordinate is made by Bennett which seems to result in the
calculated visible illuminated projected area being too large by a factor,
(cos € )!. The fact that Bennett apparently overlooked this may help
explain why the resulting function seems to be good only close to the
sub-earth point.

- 1l7 -




Bennett also made an estimate of the improvement in matching his
data that he might obtain from considering hemi-ellipsoidal holes.

It occurred to us that to be consistent, the holes also should be
considered Lambert surfaces. This means the true cosine of the
angle of incidence in a hole, averaged over the area of the hole,
projected normal to the direction of emittance, should replace the
illuminated fraction of the hole's projected area in Bennett's
expression for the photometric function. It also occurred to us that
the calculation of a photometric function from this model would be
simplified considerably if it were carried out for points on the
brightness equator only.** Such procedure, if successful, would
yield a useful function, since the lunar photometric function seems
to be independent of brightness latitude.

The resulting function is,
¢$= A{Ccosi+ ((l -C)/37cos é)[Z(ﬂ-g-i-e) cos g +sin (2i+g) +sin (2¢ +g)]}

where A is a proportionality constant, (1-C) is the fraction of the moon's
surface in holes, and 0 <g<m It is easy to see with ¢ written in this
form that it obeys reciprocity (i. e., ¢(€, i, g)/9(i, €, g) = cos i/cos €, a
condition which is established as necessary for all photometric

functions by thermodynamic considerations)[ 13]. However, the less
ambiguous form for ¢ in the case of this model is as a function of g

and & rather than i,€, and g. For a point between the terminator and

the sub-earth point,
$1= A{Ccos(gta)+ ((1 -C)/3T cos a)[ 2(T-2g+2a)cos g +sin (3g-2a) +sin (g+2a)}.
For the points between the sub-earth and the sub-sun points,

b2 =A {Ccos (g +a)+ ((1 -C)/3mcos a)[Z(TT-Zg)coa g +sin (3g-2a)+sin(g+2a)}}

**Van Digellen [ 8] in his attempt to determine from this model a photo-
metric function for points apparently off the brightness equator, was
forced first to a numerical approach and then to experiment,
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For points between the sub-sun point and the limb,
$¢3=A {Ccos(g+a)+ (Z(I -C)/3mcos a)[(TT-Za) +sina]cosg}.

It is not difficult to show that this function does not have the
desired property of béing maximum at full moon. (Consider the
fact that the first term in it is maximum at full moon only for the
sub-earth point.) It is also obvious that at full moon the function
varies with brightness longitude. Nevertheless, attempts were made
to adjust A and C by the method of least squares so that it would fit
the photometric function derived from Fedoretz's data. This was done
at phase angles -145729, -132’49, -128756, -102’79, -90’58, and
-25°60. For the first five of these, this amounts to fitting AC cos i to
the data, since for phase greater than 90° in magnitude the holes along
the equator do not appear illuminated. A reasonably good fit was
obtained for all these. At -25/60 so much loss of accuracy occurred
in the calculation that no meaningful values for A and C could be
obtained simultaneously. - By making arbitrary choices of C and
calculating A by the method of least squares it was discovered that the
root-mean-squared deviation of the data points from the fitted curve
is not a strong function of C, and that all values of C less than 0.2
produced almost equally good fits to the data (» = 0.057). These
results together with the deficiences in the general properties of the
function were sufficiently discouragingtohalt efforts along this line.

It is worth mentioning here, perhaps, that during the period of
the grant supporting this work, a group at Cornell University in a
report to NASA [ 9] published a new theoretical photometric function
which is probably the best to date. The model assumes that the moon's
surface is a spherical shell of freely suspended back scatterers. The
resulting function is the product of three factors: one which arises
from considering the probability of interaction between scatterers at a
given depth below the surface with both the entering and leaving light;
second, a back scattering function; and third, a factor which takes

care of the increased probability of no second scattering after back
cos i

scattering. The first of these is the Lommel-Seliger Law, SosTFcose’
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and the last two of these are strictly functions of phase angle, both
containing adjustable parameters.

In keeping with this approach we have done a least square f{it
of the Lommel-Seliger Law multiplied by an adjustable parameter to
two phases, -25760 and 42”87. The root-mean value for the deviations
about the resulting curves were 0.054 and 0.046, respectively.

We have not developed sufficient confidence in either of these
theoretical models to use one to represent the reduced data presented

here,.
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SECTION VIII

MEASURED ALBEDOS

The most commonly employed practice for determining albedo
involves simply the manipulation of brightness observations made
as near as possible to full moon. The value of the photometric
function at full moon is 1.0 for all points. Therefore, the
relative brightnesses of various areas at full moon depend on the
albedos of the areas in question. For the case at full moon, we

may write.

o)
"
o]
~
oo

p = B/(E_/7)

Full moon albedos may thus be determined simply by dividing the
observed brightness of a point by the normal surface brightness. In
practice there will always be observational errors in the brightness
values. This introduces some uncertainty especially if there is only
limited data available. More important as a source of uncertainty,
however, ig the fact that observations can never be made at a phase
angle of precisely zero degrees and few observations at phase angles
near zero degrees are currently available. This means that the
required value of B to be used in the equation above is never actually
observed. It must always depend upon the curve drawn through
observed points at greater phase angles. The uncertainty in B is
easily seen in Figure 2 in which data from several observers has
been plotted.

From the fact that all curves such as these rise very steeply
near zero phase, it is clear that points as close to zero phase as

possible are very important. Fortunately, as stated above, Fedoretz
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was able to obtain observations just before a lunar eclipse when the
phase angle was -1748. These values are undoubtedly very close to
the true zero-phase brightnesses. The point here is emphasized by
the case of Mare Crisium (Figure 2) in which the point for -1748 is
surprisingly high compared to the points closest to it in phase.
Clearly, the calculated albedos will embody any errors which may
arise from these two sources.

Sytinskaya [ 10] has assembled a list of albedos determined by
four observers for 104 features. The agreement between the four
values for individual features is of the order of 5 percent and the
means of the four values are also included in her table. Sytinskaya has
also grouped the features according to type (i.e. maria, bright plains,
mountains, craters and bright rays) and determined average albedos
for each class of features. This summary list is the one most
frequently quoted throughout the current literature, and these means
are undoubtedly good representations of the albedos. However, some
care should be used in applying these albedos in any situation requiring
great accuracy. One reason for this is the range in va.lues incorporated
into the means for individual points. For most of the points in
Sytinskaya' s list the extreme values are not further than 0.003 from
the mean of the four values. For the worst case, however, the values
range from 0.040 to 0.075 around the mean 0.062. A second reason
for preceding with care comes from the fact that there is again some
spread around the mean when the approximately thirty albedos are
averaged to find the mean albedo of all maria. This.average, however,
includes values ranging from 0,056 to 0.073., This means that when
an albedo is'used along with other factors to compute a predicted
brightness in some areas, the predicted brightness may be in error
by plus or minus ten percent. For the best predictions of absolute
brightness, then, it is necessary to use albedos for the particular
areas in question rather than the averages for the various classes of
features. Where reliable albedos are not currently available, they
should be independently determined before being used in situations

requiring great accuracy.
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SECTION IX
THE RANGE IN MEASURED SLOPES

The brightness of a surface under some given illumination varies
with the cosine of the angle of incidence of the light., Thus, as the
angle of incidence becomes large, small changes in i produce relatively
larger changes in brightness. In the case of the moon, then, differences
in slope result in differences in i for adjacent regions. These
differences in'i result in turn in differences in brightness.

One may see readily from the geometry of the situation and the
definitions of g and & that the angle of incidence of the light at given
points on the surface depends on both the phase angle g and the brightness
longitude ¢ measured from the sub-earth point. (As we have said earlier,
there is no noticeable variation depending on brightness latitude). There-
fore, whatever the phase of the moon, the angle of incidence will be
smallest near the sub-sun pdint and will become larger as the combination
of g and & bééomes larger. Near the terminator i must necessarily be
large and small differences in slope result in noticeable differences in
brightness. As the terminator moves across the face of the moon, many
otherwise invisible features become visible for short periods of time.
This is essentially the conclusion reached in an analysis in terms of
shade relief.

Shadows are, of course, most noticeable along the terminator, but
we are not concerned here with shadows. We consider only the variations
in brightness resulting from differences in the angle of incidence of the
light. '

From this, it should also ba clear that a ridge running in a north-
south direction will be more easily detected than will a ridge running in
an east-west direction. The angle of incidence of the light falling on the
north-facing slope will be the same (or very nearly the same) as the
angle of incidence of the light falling on the south-facing slope. There,
fore differences in brightness for these slopes are not likely to be very
obvious, '

The inclinations of gross slopes such as those in the maria have
been measured in several ways [ 11]. The simplest method of

studying these slopes is to observe at the proper phase the shape of the
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terminator as it crosses the area in question. The terminator should
appear as an ellipse if the Moon is spherical. Departures from
sphericity will be seen as departures of the terminator from the ideal
ellipse. The slopes detected in this way are of the order of 2° at the
most even in the so-called "wrinkled' areas.

Slightly steeper slopes averaging from 3° to 8° are to be found on
the outer sides of crater walls. The inner sides of crater walls show
slopes near 30° with steeper slopes associated with the smaller craters.
These may bc measured primarily from the shadows cast by the crater
walls,

Near the limb of the Moon, slopes along very small arcs (200 feet)
have been measured from the manner in which the light of a star
diminishes as the star passes behind the limb, Slopes in the range
from 1° to 18° have been measured but the exact types of features
represented are not specified, These are average slopes over the
interval in question and so this method by itself does not provide much
information regarding the slopes over small intervals. These
occultation studies were made on stars of large diameters. Further
information possibilities would accompany occultation studies of point
source stars. But no detailed results in this area are available.

A method of measuring slopes photometrically has been developed
by van Diggcllen and applied by him [ 12] to two areas in the Mare
Imbrium.

On photographs of the Moon, van Diggelen has scanned selected
areas at intervals corresponding to about 2" on the moon's image.
Scans across ridges show brightness changes and these are calibrated
against scans across apparently smooth areas in the same vicinity.
When the proper corrections have been applied, a curve representing
variations in slope with distance is obtained. Integration of this curve
gives the profile of the section through the ridge.

Profiles thus obtained are all approximately parallel to the Moon's
equator, And when a number of such profiles are combined for a given
area, it is possible to draw a contour map of the area even though the
ridge may not run in a predominantly north-south direction. From the

contour map, of course, an idea of the slopes in north-facing and
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south-facing directions may in many cases be obtained. It is from these
studies that van Diggelen has concluded that even in the wrinkled areas,
the slopes within the Maria are less than one part in forty over distances
of three tofive kilometers.

It would seem significant to ask how this method would apply in
the lunar satellite situation in which photographs of smaller areas
become available with better resolution. All of the above mentioned
factors should apply just as they do for the larger areas visible from
the earth. Variations in slope should result in variations in surface
brightness for areas near the terminator. The reduction procedures
used by van Diggelen no longer apply, however, because over a small
area, a mile or so across, differences in slope due to the curvature of
a smooth surface are too small to be noticeable as differences in
brightness. Thus no ready means for calibrating the brightness
variations in terms of slope is available. Some other scale of relative

intensities must be provided.
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SECTION X

SLLOPE DETERMINATION FROM LUNAR SATELLITE OBSERVATIONS

Another theoretical approach to this problem of slopes
becomes possible in the orbiting satellite situation. The geometry
of an observation of a surface point, O, from a satellite is shown
in Figure 4. The point Ss is the sub-satellite point. The
brightness equator does not pass through Ss, however, because of A
parallax effects resulting from the relatively small height of the
satellite above the moon' s surface. A point G corresponding
to the sub-earth point and lying on the brightness equator may be
easily found.

For earth-bound observations, the sub-earth point may be
defined either as the intersection of the Moon-earth line of centers
with the lunar surface or the intersection with the lunar surface
of a lunar radius parallel to the emitted ray being observed. For
close lunar satellites the two definitions are not equivalent, so the
question of how to define a brightness equator arises. However, on
the assumption that one wishes to use information about ¢(a, B, g)
determined from earth-bound data, the latter definition above must
be used. Thus, in the satellite case, a radius CG is constructed
parallel to the emitted ray from O to the satellite. SG then is the
brightness equator for the point O and that position of the satellite
in the sense that &, P and g are the appropriate ones to put into
$(a, B, g) for observing O from the satellite.

Thus, for a particular satellite situation & and B may be
determined. Knowing g and &, a value for ¢ may be obtained from
the results of earth bound observations. The surface brightness
may then be predicted for any point on the surface for a particular
situsion. If the surface normal at the point in question does not
coincide with a radius of the sphere (i. e. if the local surface has
a small scale slope in some direction), the observed brightness
will be different from that predicted. The observed brightness in .

turn may be used to find an @y, asort of photometric o from the
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FIGURE—4

BRIGHTNESS COORDINATES IN THE
LUNAR SATELLITE SITUATION
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previous determination of ¢ vs. o. If along the brightness meridian
iy, one could locate the point P' at which the radius P'S is

parallel to the true surface normaul .t point P, then the angular
distance between points P and P' is equal to the slope of the

surface at point P which is being observed. A single observation
gives only the g of the point P' and defines only a great circle on
which P' must lie.

As the satellite moves to a new position, a second obsexvation
of the same area can be made. For this situation there will be a
new brightness equator and a new @ and 8. Thus a second great
circle passing through P' may be found. If the coordinates of the
intersection of these two great circles can be found in selenographic
coordinates or in brightness coordinates with respect to either the
first or second brightness equator, the local slope of the particular
area may be known. This procedure is thecoretically capable of
giving the slopes of various areas even when the resolution of surface
detail has become very good.

Some of the pitfalls or weaknesses are obvious. First, we must
assume here that the photometric function is known to a high degree
of accuracy. Second, the position of the satellite at the time of the
photograph must be known precisely since g and @ depend on this.
Third, the two exposures must be as nearly identical as possible as
that the data from the two may be combined.

Some time has been devoted to this analysis in order to insure
that a solution is theoretically possible. However, no attempt has
been made to evaluate the accuracy of such a solution in terms of
the accuracy of the currently accepted photometric function and the
parameters of the satellite's orbit. This in itself is an extensive
undertaking.
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SECTION XI
CONCLUSIONS

In the course of this program the available data from as many
sources as possible have been studied and there seems to be little
doubt that the best data on the surface brightness of the moon is that
published by Fedoretz. Her data are more complete than that of any
other observer, and all indications are that the data are self-consistant
and that the observations were carefully made. From this data, then,

a useful photometric function may be derived. As we have shown,
there is considerable scatter in the data when photometric function is
plotted against brightness longitude for various phase angles..r 1t is
difficult to know whether or not this scatter is real or results from
observational errors. In attempting to fit a meaningful curve through
the data points we have tried to find a theoretical function. We con-
clude, however, that there is no very good alternative to a hand-drawn
curve through the plotted points.

The curves presented in the appendix represent the reduction of
Fedoretz data and may be used to find a value of the photometric
function for points in the maria under various phases. It is, of course,
to be expected that interpolation between these curves will be necessary.

Calculated values of surface brightness require knowledge of the
albedo of the area in question as well as the photometric function and
for the highest degree of accuracy one should try to use the actual
measured albedo for the given area rather than the albedo for a particular
class of areas.

The question regarding the detection of slopes facing principally
in the north or south direction has been examined also, and we point
to the work of van Diggelen in which he determines east-west sections
through irregular areas. When a series of such sections are assembled
the contours of the area in all directions are readily seen. Applied to
large areas near the terminator this method is effective. Over the small
areas one might view from a satellite or in areas not near the terminator
when photographed, van Diggelen's method cannot be applied without

modifications,

-29 .




Finally, this study suggests the need for additional work along
two lines. Accurate determinations of albedo in numerous areas
particularly within the maria may help to reveal the source of the
observed scatter in the photometric function. One would hope also
that improvements and extensions of the photometric function might
be achieved by careful attention to the actual measurement of the
photographs. Detailed studies of a few small areas might be under-
taken with modern photoelectric equipment. But this would not seem
applicable over a iarge number of areas since one could not make
simultaneous observations in all of the areas under study. While
some errors are inherent in the photographs and in the measurement
of densities on the photographs, a carefully planned photographic
program seems to offer the best approach to the problem of further

improvements in the photometric function.
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APPENDIX
THE PHOTOMETRIC FUNCTION; ¢, PLOTTED AGAINST
THE BRIGHTNESS LONGITUDE, «

On the following pages we show graphically the photometric
function versus brightness longitude for numerous phases. The
first 21 figures are based on the data of Fedoretz while the re-
maining ones are based on the data of Sytinskaya and Sharonov.
The curves were fitted to the data by eye since no theoretical
function seemed appropriate. On most of the curves a value of
#, the root mean square deviation from the hand curves, is shown.
In the case of the data for g = +475, two straight lines have been
drawn. The values of p are similar for both. This emphasizes t
bad scatter in these points.*

The values of ¢ were obtained as described above and assuming
that for the available phase nearest zero, the value of ¢ was one.

Again as mentioned earlier, the brightness longitude, @, with
respect to the brightness equator of the data of the photograph was
calculated on the Burroughs 205 Computer. The inputs for this
computer program included the spherical selenographic co-
ordinates of all the required points and the coordinates of the sub-
earth and sub-sun points for the date and hour at which each
observation was actually made. These latter figures were obtained
from the positions of the sun and Moon with respect to the earth

as tabulated in the Nautical Almanac for the given dates.

* In each figure the point on the abcissa marked with a cross indicates
the position of the terminator. The other form of the photometric
function is obtained by plotting ¢ as a function of g with & as the

parameter,.

- 34 -




4
jga s

+i4-

Y\
+

9 |
Tt




1T

- 36 -

17
1




fedemted

-4
=

) 3
$

N ui
117

-37 -

H
Lo

(1

S,

1
{
o
<
s
2]
- 05
=)
&)
band
b
HH




11l 1
aman | H HH HH Tt 11
HH 111 111 IR SN InS | ““
THTT 111 11y 13111 111
N ) |
- ) 1 + T
v -1 9. .
1
1
1 4 .
- ]
Ve !
11
L mw
ot 1
I , (o]
o
I
T
T T
-4 “ 1
- -
L4 H +
* & I H
! H
.
I 1
) )
1 ! T I
i _ INREESEN BNl
X) . ; 1 1 )
H I ;
] 1
T T ;
“ 1 H M
8 & B
- b .
» e = s vo
maw
114
1
1
. 1 pum
' - Rl i -
! ;
1 { s - ﬂ t
gToF ¥V - 3Endld
++H
14
1
1 7 {
L it i 1




gea

.ans
.eas

HH
anm

1t
[ B

-39 -

| B¢
131

-
et

= m

3 rois

b= o

1171
1

SV - J9NOdI1d

"




T T T TITT TTIT T rma |
17 T IS8 B IRAN & T ImE . N HH
T In T
T
1l
T
-

r_._‘
\
‘

- 40 -

17

v o

i

R RS




IT1TYTY IEEE RN IEES AN 111l e il 12111 IEEE ARSI
T HHH HHHH T t H T H
“-_ 1 “A_“n_u Fm__ ___—— 11T 1 )ERESENI
T 1 )
1
1
mlr
1
i
B4 -
1] !
san
] it
Snwacc2a o
ac um =
: |
)
—
T 3 ¢
! ]
+ ]
T
. L
: T + ' e
)| 3 1 1
: I nn! "
T J
0 1 +
1 + 1 }
e
T
= t x raan
; ) B nman
i P
T I I
+ M T i
H I T
+ ;e L
M Tl 14 5 Il
! M R
1 ] 1 1 I I
T i D fand
_f » H M I v .
' NP REREE GRS S .
s T H EEEESES !
t3 s 1+ Bt : : B o i
. tb t
T - ! 8 1 e
T I T t1tF i t
1 b 1 anl 4(“ : 1
1 1 4474 i o
T 71 T 1
8 T } 1
bausf RARs aptun AESEE By S0 Aol 1 » i
B LSS ASOTPOINRINE S, 7 1
PR ' -
S68E i
N e :
11
{ P
+ i
= 4 T
t -4
3 i3
T
1 +
T + T —H
1 1 1 11




T T T i
(BEAD B T T 1
INEEE AR I TLT 1117 h
1 ) i8R 1 T E

: HIHEHE

i
[ S PREREER RS ny
17 s
1137
T
" RN
S LNSBE WS )
1 Lo vy t ;
T T )
T T 1 )
+ Il < b T
bt L
Tt Imwe s ; . !
+ : :
M T i i N o
e 15 8 0NN Sl 1
: : w. !
f ;
f ; ML i
t + 1 . 1T ;
<4 Ll
LT pgs! f
T . r '
1 : : ML S 8 1
+ nl ? waha in J
1 T rard T
repu sy ' 5 £ i : N
: e 4
I i T1{+ 1+
i i 1Tl - + 1
1 i 1 T
R B o
: . mai Ralhd Sh S s :
+ + 5 LR R + 13
+ I T : T - + 1
+ :
i n t 1 I e T
T T ; .
+
i
|
1.
¥
1
t |
1
1 T
T
INESE RN
NIPES RN L
AN
3
:
j t




11 1 IBNES R INE SUAEE S N 131111 RESeSAl JITEUL IMAE NI
11 TR LT ol LIL 1L 11X TITTRATT IBEE Sl
INENI 18ANEE I Ty 1LY
n 1 L 1
1t
H11: 1 &
- 2 |
nan
Y ane
1
-
h
»
1]
s
- t
t ]
* ] o
HHE 1 1= '
=4 1
+ .ﬁ L] -
bt .
1
1 [l T -
.n 1# I - T
- L - T
.
1 .
R
wEs_AK_ASL
e u!
7 A R »
11 1111 RO 1
T THT T
bt an odnls IS NBRE R
1 ui - rty
» - =41 » m
HH H 2
-
4 6 V- 3unvdly
]
|
-

St




4

&

fbroled

B
I Y
1l

11
}

- 44 -

in
™
oy
HHH

1%

t
o

s 1
il
) |
i

H

117
111

1
il

i
1
i




B R INEDE S| 1L1Y el I1R1E L JTIYTIT]
“"“““ _.__—- J111all ““T“" Mx“ ““""““ ““" _‘"“
1 T T 1 HHH . o
B K
L
H I A
se ¥ !
rHH
,
.
i
g 9
RS 4
1
oy
a
n
= =S .
=
[
I B —
L
asEEs: T
| o
T 1]
AN
s T
by
: i Rka
aa. +
i
bl
I
T
J1.1 -
T I
SR ENE DI .
T
T Eanas
11T \JU”
g e E
I - I Il
I 1
-
1 INBEN|
2
- ”
H 1TV -3y9no1d :




J11YTT] IDBE S8 KT 1 TIALLY PILY NN 8 JI11¥1 I A
1T T I I E I IR N INEE B 1111
AEnS 1 b | 111 T TTITEY 111k 11131 T1TAT 1NN AN
1 4 T 1 1 } S
.ll...
3
n -
1
T
I
Iy
.
g 1
1 1.1 1 0
nEats ! : nm <+
4 it : —+
I ]
] b y 1
H
Tl
I
o I |
g
=
.
ot 13
13 |
11
=
1
;
I
p 1|_|.w +
7 : nﬁn. " +
: = ] 5 ae
+ s
{ 1 -
T " inghuna
: Mnas
1 ; 1
H B
P s
1)
i ) w
. 1 T
]
mE 88 e eam L
H wass i [ pas
IBEEERBEI M 1 1 1710
b T . T
[ERREY L 2 T M
R R 1]
4 21 v - 3¥NDOI
117 g .
s ud 3
T { T H
T 11 NSNS SE ABEERESUEE BENNEEEEEI 1 1 T il




4]

fodatd

{141
(1

. me!
=

BRSNS

11




‘ - 1
; 1
L o]
I <
s ]
: 4
RUARASI Al T
i) I 1 !
» ]
; )|
i
"
! + RN
1 T
: T 11T 1T + 414
T 1 1Y 1T 1 ; ' 1 o
8 T IS | 11 H A 4 + T
ﬁ.gnuﬁmjﬂm&mﬁu o 0 B isud i Lie 4%
T B s 20 nd t i =5
H H ” R
T g T3
: : ftit
{
i
7
nsaa :
igS Ran iy
SIS o d
| SRR no1a
: MRS RO I
SR U S ' -
+ et b I -
;
T
]
dedd-d




LITLL 1L IREE BB INRE BRI +4 MRS 8 IESA Al IBAE S
I INE NN T T 1T it InBa 8§ .
S 4 T ARRE ) T I 1U0% 0| T ISR &1
T I 11T INDS b T T3
)
2
H
3
+
T
T
T
1
1
e !
I e e
13
T
I
1
w1
] _ jpaas
}
g T =
! .
= -+ H
1 -
13
HH- H
anid T H .
B 4t s HHHE »
7 L 4 TR s Iy
I HBHS
) 11 § 3
: 1Y

- 49 -




T T
0T 1t
31 1
B W 1.1
1
g 1T
1
I
1
, 4
| g
-
, =8|
-
=
H
.
]
ani in
]
I8 BAN
1 3
T 1 T
¥ <
B : )
Y T . Tt ! T3 i +
xwm 1 "
- H T )
1T
} T
)
} 1
’ !
1
. H o -
r I e | T T ;
T 1 4 | T 111 -
T > + 1 131 1 T h 1
- % poet ™ T Y
e H r - r- - q T
4 - o m o . z . 1 T o
1 1 1 jmnn
1 ] 1 i jpuas
1 1 13
] us
+ T
ne
- -
Sjiagithns 91 v i
- T H
! s
f +
L
T -+ 44 ERan
I fpas
T s [ges
Tt 1




L 111 11 JLLL1
t SEE: q H H HH
-—-“ —-\“,“ 4 17 LT ET
anns 54 1
523
sk
Pe
o
mazss
- g
1
HH.U L]
o )
]
:
1
=
5
: g
PO
s




1131y IRPER S 11l panns 1 JIIT3T
jES BEi Iy 11T ) T1T1 | TTITTET
11111 TTIITTY 1111 T1TT1 Il | 1NN SR D]
31 11 T I Qan 11 TTI1TET
s
'
)
b
]
w
£ [}
1
1
4
1
1 1
1 i
Al 1
S
s
! 4
! M T ﬁ“l
1t 1+ - -
1 s K 1 143
) 3 1 1313
» T T T Tt In
. : 2t
i ads" e d Seartiasriogstioig & ane
ns Sika i 2 H
]
1
A
=
’ 1
1 81.V - I¥YNDIA ,
1. 44 o
e 4
=22




- _
, L -
v
aum
[
1
M o
HH Tol
i
s52
BESSERGEsH 3B oTRuy
. :
HriOer- Bt P ]
TH
61V - FJyNDIA




111 11 11 111
111 11 11 111
11 11 {1 ) B
_~“ 17T 171 | B8
1
1
]
o
-4
1
W
s8ean ia
11 11 — IEENi
| 1 R AU RABBERAN{ TITTTT
) LI IBDERSA W IREREant
.
5 & 5 e
H H ah n8-mey 5=
FH
1
-
02 Vv - AINDILL :
:
L. 1 1 1111 T 1 )
i i T 1 18 Al I L T
L I T 1 L] I 0. 1




£0 |

a1

BN
il

- 55 -

H

1]
L 11

1
1
T
{




FI) 11717 1111 1111 | LIEL
IMB B 31T 1111 TTTT | B 11Ty
T Ll 1T J
-
1
: it R8N
1
; i
¥
111
11
)
e
am
1 : ++ 4411+ [}
T 0
ST
: e W
R
s
N - - ﬁ - 1
s - T i !
ﬁ ] 1
1 I i ;
8 g
T T
e LI 1 t v
—+ -+ L 4 + -1 = ‘
- T T Bt
Ees ' 1 N BENES shinn pRERREA Sk
AHETE e
- i : (e e Ry aten L
. H+ T r F41
5 1711 ]
T
| c ket it
1 T -+ T P
] b b HiH » n r + SREd
g | sassiais SSsceaibin .
" g 8] f“&q.mnb._, ! "
- | 1!
]
1 1H t1T T =t ]
] “ T T :
4 o 1 - ¥
; 22V - Jannia :
" ' bR RanikRaN !
| ; e .
1 1 H
- f 4 - T T
e ;
t
!
T
+
I




7
TT 1N 1S AR T TTH
1
'l
] i
e
npEn ! 1
T
Tt

T
It

1

1T
T

£l
17
i

I
1+

b st o o,
: €7 V - 3YADLI A w




T T TTIT T T T T
I i e i I Th T T
1 T
1. HH .
Hr T
iy 1
<-4+ VA §! Jl.\.lr\ 9
o saghe 3 § T L
THIHET SaNRegangs HH
SRRsganes H
i
ﬁ . 1 =ina un
T IFH 28
1111 L -
] r 1] ITE §
]
i o
1 g Eddsaden SRRES
I B!
1] Sppapes T 311 1]
saske '
1*1“ M3 -1 b m,h
i £ e ili R
A3 143N LTI 111 .
1 H4] ¥ ] TTITIETT L
143 L H
maps: . T T
I {1 ¥
aghne ] s »
us Lo . 1
ﬂ.l.l. *_—‘_‘ T T3 11 11 11 rit t 44
d o r TTRT
] 11
nw ; m sgu! TIT ae ]
. T s g
T PUSRERRE N N Iy N } 11T p ARURE
THTHPIH A 1L ! LY
85 T efsaasRniReRRlass ESssidl
113 I | . 1111 jabgusgn
PRI | p pgigidnagan T3 agagsnde
) siigugandnpufiney . gang s 1 . (L
£y 4 Sages .
1 1 T TR T




T

T
T

1T

i

pwm g

4
a0
4
(44

444

- 59 -




11111 IRE R JEE 1 Il 1 31 LIT1 11T
) A 1T 1111 11 1T 1 ITTT T
Ll !, L1 {1 b
O I
B
i N 1§ - T
] P 144 ] ! SRR L
PR 8 -
hiy D 11 i1 t SHES
HH THHT P hHe
4 EERpan T LT M EERERERREN
LI Runun 11 T by S s B .
e H 1%
g ] x 3 3L ] auEss ] ]
. SRS REaRREEaEs 08 R } R 1
: i T " [RgeiN ! . i .
IS RARSRAEES ! i ]
b i i i b et - H
t 1
- T
s
i ]
ERpEENS
3 H TR 8
}
! [
1
SgassaRgEpaRERES TR
’ i £ |
a ! T o n
r IBRES i s
144 [RRAE RRENSN 3
24y £ I I
T .
} i
A 1 T { I -1 !
b 13 RERNE o
4 i1 BN Sunns 1
. jng sk ; O
1 ] 7 . T T T
IS aNE e 15 r pe [}
1T T bt pl ] ; 14 3
i Ru RS & 1 REAES
q - r
NS NRNEN ] 1] T
14 ]
i HETE
sadteEnSiSIRSASS RO b -1 H
ditdets %
. I [ 1111 I
11 S+
1Tk 8 [
T H I L
e
- .
anen RS L RENE SN
T i 1]
: LR
igSasabgunalan H - +
TErrbrb 1 4t .
i fatd i - :
T T et thrat
} oy uae
2 snssad bhte EgaEaa,
t [REans! H T T
T i i =n e
; LBk s
4 - Aw I
!
) .
1 1 I




LIIELT I NN 1151 11 T IER AN 1 B LIILY
TITTIT TTTYTT IBE &N I R IRE BEDI 117711 IRR NI TTTTT
11 m 11 1T 17 t 11T IRER NI
. 1] NENL 3
T
[ 111 . ]
1
t
] = nE
. N
1]
o puf
- !
s
Y it
B -
1T I TT h )l b SRR = ne
1117 IENBDEEI 110 JITTI YT T B | IRARN I Ll ARE
- 1T LTIy JIl )SBDBERBRRSSARERRENN | 1J 117
:
" =1
o, ) f ot
s
Ry
TGS L2 v - JENDId




TTTT T I T
puShe k » 11 HHH R Tt
Rbp [ ] e H B
T T
isgsed HHH: gEgess
RIS H . d8ndsn
R e i
Sekasatabans &3 jats H 1 M ,Y T
Eias SREaGRaSask: 1H SS1SRaS!
: ne LT ue
Sabssag i 4 b TH T of . RSN I FS1RaES
S8 -3 1. - - P 4441
T SRARSBEE uhas F b Ty
: : ITATEINE T N __ ERsahas e
. . 8 ] 1 Bdugtan
e i — <
| 1A i : g
, aans P SHENNRSRDNANERRNGREREYD 1 N 13 ] _
- . . " A I
H H- - . P o 1
T r T T .
fa5 H : TR o :
- ;. -4 4 41434 4444 14
TR T Na 1
aam ! r an § NGNS SAN SR RN
1 H - P : T
+ f T :
1581 o T L1 I
SEEESERNSY N [ T BEPEN T 1
[ - R 11 PO A N 3 4
i i i SR | H s
H RN .m « - 1 ~
i p T ! . O
8 : i i : RN
1 I | 11 LT | )
. . T g p s i
ek SENE w,ﬁ.ﬂ RN . IrLE T {
faee [RS8 SRS
- ' i -
S L { 1
e Sl AT 1T -
T ik s
I H it -
b I L
1 :
H 1t )
i y--anek -
M 41 4+ T
T H
7
] T a8 i f;
thH 1 o ey
T NaNds TH o ; @ i
1 T SRR S R Hrrb T
fasiis m T 8svuIyBTag ey : &
& mua ayd SRS gEftes b
H - i 1 F m _W‘
= - - “r 4+ HH- H »
PRl ERENS T 1T 1 343 B CTIAES
— g 4 I'A«H Afp
4441 H 4 | . M Nl
1
TUTTH - 13 1T
1350 : --F - A
puanfs SHIE pigs
4111 HF t ” ]
- 4o e fp-gopo v 1
L 44 Lid4 L 1 r .
M 1441 .A‘.. ¢ : + A_#
: PR PR TR BT 5




g
3

zz'k

- 63 -

)
‘ﬁ
by
7

+
I
iy
=
B
;)
T
w
%




HE 1l 11 11 1l 11 10T
11 17 171 11 11 11 11T
1T Il T 1T
:
- 4 ARURE 1]
s am
- 41
a8
- " ]
1 e AN
“ o
L - i _
44+ T 1
:
T
1
] 1.
¥ iik
raRrgs SHS° iLare
11T 11 LTI
12111 1T JITTTT
J 111 1l Em e n N
- xux n b,
v »




T TTIT T = ) T T
1 1 T
m R ina: A 1N A m*
] g} - i :
T N R T
H T TH b 4 7
T gt t
1 — l I 1
+ B T - + T
¥ T T
T I b ! T e SRR PO N i . G2 0 :
: T 1 T ] H " RS DTS W : T ¥
! 1 i ! I P D E RGN 884 ns. T 1
7 ! + : B pa— e B e e e . M 43
r " o 0 It Py SRS SNpY ey (e Bpg iy gt
t ¢ i ! — N
T T T .
+ + H+r T
1 .
i 4 i
— - : o
sa! Ioe
1 : paas
I
+ -
T
+ Ly
)
T 1
T T
1 I
+ =
1 + 1 IS
T 1t
Tt T 1
t T ' t T
T T - +H i~
+ 1 2
1 + T
R it
" *
r T
- = ok
v Il b n
' HH
[
. un
i Tl T T 1z e}
O i S o e s ST - T+ .f‘
- i i I [}
fof e g e fm s T -
ek B e e t
Ses banas da e s na Msee s g
= +
: - 1 +
TTLL oo 17T ) S =
1 1
RERS DS SRS MDA SUNUM) IR SEUIANG SUpDOAE R
+
= o I —
1 i
i
e t had -
I

R R .

1
: pe H
I :
t B 3

414




Copy No.

1 - 25

26 - 35

36

37 - 41

42

43

44

45 - 54

DISTRIBUTION LIST

Office of Grants and Research Contracts

Code SC

National Aeronautics and Space Administration
Washington 25, D. C.

Mr. Archibald Sinclair

Instrument Research Division

Langley Research Center, NASA

Langley Station

Hampton, Virginia

T. T. Mayo

D. S. Birney

H. M. Parker

A. R. Kuhlthau

G. A. McAlpine

RLES Files



